
Cluster observations of traveling compression regions in the near-tail

J. A. Slavin,1 E. I. Tanskanen,1 M. Hesse,1 C. J. Owen,2 M. W. Dunlop,3 S. Imber,4

E. A. Lucek,4 A. Balogh,4 and K.-H. Glassmeier5

Received 14 February 2004; revised 2 November 2004; accepted 17 March 2005; published 11 June 2005.

[1] Examination of Cluster measurements has revealed the presence of traveling
compression regions (TCRs) in the lobes of the Earth’s magnetotail at X � �11–19 RE.
These TCRs strongly resemble those observed in the more distant tail, but their mean
duration is only �35 s as compared with �160 s for the TCRs in the distant tail.
Furthermore, the Bz variations associated with the Cluster TCRs were found to be south-
then-north (SN) in 80% of the cases as opposed to the north-then-south (NS) polarity that
is dominant beyond X � �30 RE. Analysis of the time of arrival of the TCRs at the
different Cluster spacecraft showed that all of the SN TCRs propagate earthward while all
of the NS TCRs, as expected, move tailward. The mean speeds of the SN and NS
TCRs were essentially the same, 849 km/s and 821 km/s, respectively, and their average
width was 4.3 RE. Some examples of near-periodic, multiple TCR events with separations
between individual TCRs comparable to their width were also observed, suggestive of
multiple X-line reconnection or periodic impulsive reconnection. However, the most
probable separation observed during multi-TCR events was larger, �100–150 s. The TCR
minimum variance eigenvectors have a strong tendency to lie parallel to the GSM XY
plane, but they exhibit a wide range of orientations within that plane. Examined as a
function of the YGSM, there are broad maxima in occurrence frequency, width, and speed
of TCRs on the duskside of the tail. Superposed epoch analysis of the Kyoto World Data
Center Quick Look AL Index relative to the time of TCR occurrence shows that the
compression regions tend to be observed during the expansion phase of substorms.
Finally, the origins of the traveling compression regions in the near-tail are discussed in
terms of the effects of magnetic flux rope motion and impulsive reconnection.
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1. Introduction

[2] Highly successful conceptual models describing the
effects of magnetic reconnection on the topology of the
Earth’s magnetic tail were developed by Schindler [1974]
and Hones [1977] nearly 3 decades ago. However, exper-
imental confirmation has come slowly due to the limited
availability of multipoint measurements. Still, even using
sparse, single spacecraft (s/c) observations, many of the
effects of reconnection can be readily detected. In particular,
closed flux tube reconnection in the plasma sheet was
predicted to produce large magnetic structures with topol-
ogies ranging from simple loops to force-free flux ropes

with strong core fields [Moldwin and Hughes, 1991; Birn et
al., 1989; Hughes and Sibeck, 1987]. These structures,
termed ‘‘plasmoids’’ by Hones [1977], were first definitively
observed in the ISEE 3 [Moldwin and Hughes, 1992; Slavin
et al., 1989; Baker et al., 1987; Richardson et al., 1987;
Hones et al., 1984] and Geotail [Machida et al., 2000; Ieda
et al., 1998; Mukai et al., 1998, 1996; Nagai et al., 1994]
distant tail measurements where they were observed to have
typical dimensions of �10–30 RE and to move tailward at
�600–800 km/s following the onset of substorms.
[3] The interaction of these large, fast-moving flux ropes

with the lobes of the distant tail produced another readily
observable phenomenon, the traveling compression region
or ‘‘TCR’’ [Slavin et al., 1984]. The tension of the magnetic
field lines in nascent flux ropes cause them to become
progressively more cylindrical by shrinking in the ±X and
growing in the ±Z directions. This produces a bulge in the
thickness of the plasma sheet that compresses the lobes.
When the flux rope is carried earthward or tailward by fast
flow emanating from a near-Earth neutral line (NENL), the
lobe compression ‘‘travels’’ with the flux rope. TCRs have
been studied extensively in the deep tail measurements and
have played a significant role in establishing the central role
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of reconnection in the substorm process [Huang et al.,
2003; Slavin et al., 2002, 1998, 1993, 1992; Shirai et al.,
2001; Taguchi et al., 1998, 1997; Owen and Slavin, 1992].
[4] Recently, Slavin et al. [2003c], Owen et al. [2005],

and V. A. Sergeev et al. (submitted manuscript, 2005) have
reported the first observations of TCRs at X > �20 RE in the
Cluster measurements. An example of such a TCR in the
Cluster measurements is shown in Figure 1. Slavin et al.
[2003c] found that these brief compressions of the lobe field
were accompanied by the familiar ±DBz perturbations
observed in the distant tail. The durations of these TCRs
were typically only a few tens of seconds as contrasted with
�1–3 min in the distant tail [Slavin et al., 1993]. It was
suggested by Slavin et al. [2003c] that the brief duration of
the Cluster TCRs is consistent with their being caused by
the rapid motion of the small flux ropes embedded in the
near-Earth plasma sheet also recently discovered in the

Geotail [Slavin et al., 2003a] and Cluster measurements
[Zong et al., 2004; Slavin et al., 2003b]. However, as with
flux transfer events (FTEs) at the dayside magnetopause
[Sonnerup et al., 2004; Russell and Elphic, 1978], these
near-tail TCRs could also be produced by highly time-
dependent, ‘‘impulsive’’ reconnection as suggested by
Sergeev et al. [1992, 1987, submitted manuscript, 2005].
[5] Here we present a comprehensive analysis of the

Cluster TCR observations collected during the 2001 and
2002 tail seasons. These four s/c observations are used to
determine the direction and speed of propagation of the
TCRs and to derive other properties such as their orientation
and spatial scales. The relative occurrence of earthward and
tailward moving TCRs is used to assess the frequency with
which neutral lines form earthward of the Cluster apogee
at X � �20 RE and their substorm association is examined
using the Kyoto World Data Center Quick Look AL Index.

Figure 1. An example of an earthward moving traveling compression region in the Cluster fluxgate
magnetometer (FGM) measurements on 19 September 2001.
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Finally, the properties of the TCRs determined here are
discussed in terms of their likely generation mechanisms.

2. Cluster TCR Survey and Superposed Epoch
Analysis

[6] Each year between August and October the Cluster
spacecraft apogee lies within the tail. For the purposes of
surveying TCR frequency of occurrence, spatial distribu-
tion, and physical properties we scanned spin period, i.e.,
�4 s, resolution Cluster fluxgate magnetometer (FGM)
measurements [Balogh et al., 1997] to identify all TCRs
with durations between a few seconds and several minutes
and compression ratios, DB/B, greater than �1%.
[7] Figure 2 shows an example of Cluster magnetic

field measurements collected during a 40-min interval on
12 September 2001 during the expansion and early
recovery phases of a substorm identified using the Kyoto
Quick-look AL index (http://swdcwww.kugi.kyoto-u.ac.jp/
aedir/index.html). A total of four TCRs were identified and
marked with vertical dashed lines. We required distinct,
well correlated Bx and Bz perturbations for event identifi-
cation but not at all four s/c. While it was generally the case
that all of the s/c remained in the lobes and the magnetic
field perturbations at the four s/c differed primarily by a
simple time shift of a few seconds, sometimes one or two
s/c, especially s/c 3 that forms the southern vertex of the

tetrahedral formation, would pass into the bulge in the
plasma sheet generating the TCR. The third TCR from the
left in Figure 2 provides an example of such case where
most of the spacecraft penetrated in the outer layers of the
plasma sheet. For each of the s/c that encountered the
plasma sheet, an increase in the amplitude of the Bz

perturbation and a reduction in the magnetic field com-
pression signal is observed. Slavin et al. [2003c] used such
events to determine a �1 RE amplitude for the plasma
sheet bulges causing the compression regions in their
initial study of TCRs in the very near-tail.
[8] A total of 148 TCRs were identified during the 2001

and 2002 Cluster tail seasons. The locations of the TCRs are
projected into the GSM X-Y and X-Z planes are shown in
Figure 3a. The TCRs with north-then-southward (NS) DBz

events are plotted with red triangles while the southward-
then-northward (SN) DBz events appear as black dots. Of
the 119 total, 80% were of the SN type and presumably
moving earthward, while the remaining 29, or 20%, were
tailward moving NS TCRs. Spatially, the distribution of the
SN and NS TCRs at Cluster were very similar with most
occurring within ±10 RE of the X axis and tailward of X �
�12 RE. The only notable asymmetry in TCR location is
that more events are seen in the dusk as opposed the
dawnside of the tail. For each tail season we estimated that
Cluster spent about 120,000 min in lobe regions beyond
X � �12 RE for a total of 240,000 min or 4000 hours

Figure 2. An example of traveling compression regions in the Cluster FGM measurements on
12 September 2001. A total of four south-to-north (SN) traveling compression regions (TCRs) are
marked with vertical lines albeit the third event from the left occurs in the boundary layer between the
lobe and plasma sheet as evidenced by the small compression and large ±Bz perturbation.
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over the 2 years. The calculated average frequency of
occurrence of compression regions in the Cluster data is
about 1 TCR per 27 hours or about 1 per day.
[9] TCR measurements have been used to conduct super-

posed epoch analyses of the two types of events with a
±120 s window. Figures 3b and 3c display the results for
the SN and NS TCRs, respectively. In both cases the zero
epoch is taken to be the center of the TCR perturbation at
s/c 1. The top two parts of both figures display the
absolute values of Bx and By so that events in both the
north and south lobes and the dawnside and duskside
of the tail can be combined. The lower two parts of
Figures 3b and 3c show Bz and B magnitude.
[10] The widths of the SN and NS TCRs based upon the

extremes in Bz are very similar with mean durations based
upon the extremes in the Bz perturbation of �36 s. The By

signatures in both figures are small relative to the other
components. Close inspection of the magnetic field traces
also show that for the SN TCRs the perturbation is first seen

at s/c 4 and, a few seconds later, at s/c 1 consistent with
earthward propagation because s/c 1 and s/c 4 were located
near the Sun–Earth line with separations in XGSM of several
thousand kilometers, The opposite ordering is seen for the
NS TCRs indicating the expected tailward propagation.
Furthermore, the mean compression ratios, DB/B, for both
types of TCR are similar at �4%.
[11] However, the SN and NS TCRs differ markedly in

the strength of the lobe field typical of each. The SN
TCRs are observed when the mean lobe is �27 nT while
the NS events occurred during a mean lobe magnetic field
of �32 nT or about 16% greater than for the SN TCRs.
As shown in Figure 3b, the SN TCRs are seen in a closed
field region of the tail where Bz is positive everywhere
and becomes still more positive as additional magnetic
flux is closed tailward of the TCR by continued lobe flux
tube reconnection. Figure 3c presents the mirror image
case for the tailward propagating TCRs. These NS events
are observed in a region of the tail that is disconnected
from the Earth in terms of its magnetic topology. As
shown, Bz is negative everywhere and becomes more
negative following the passage of the TCR as additional
flux tubes are disconnected by continued reconnection
between the lobes.

3. TCR Propagation Velocity

[12] Cluster magnetic field measurements allow the di-
rection and propagation speed, Vn, of the TCRs to be
determined using ‘‘triangularization.’’ Although the Cluster
spacecraft all take slightly different paths through the
compression region, they will record similar magnitude
profiles with the peak marking the center line of the plasma
sheet bulge and the surrounding compression region. Lag
correlations can then be performed between the compres-
sion signatures at pairs of spacecraft and propagation times
determined. With the assumption that the TCR compression
can be approximated as a plane discontinuity, or wave front,
the delays between two pair of spacecraft may be used to
determine the speed, Vn, and direction of propagation in the
GSM X-Y plane. Since the TCRs propagate predominantly
in the X-Y plane, the time delays in the Z direction are
usually very small, which results in large uncertainties. For
this reason, the TCR propagation velocity determination
was limited to the GSM X-Y plane.
[13] Specifically, we take the time delay for propagation

from s/c j to s/c i to be Tij. Similarly, the components of
the separation vector from s/c j to s/c i are Rijx and Rijy.
The angle, a, that the TCR compression front makes to the
Sun–Earth axis is

a ¼ arctan Að Þ; ð1Þ

where

A ¼ R24yT14 � R14yT24

� �
= R14xT24 � R24xT14½ �: ð2Þ

The speed of the TCR, presumably normal to the long axis
of the underlying bulge in the plasma sheet is then just

Vn ¼ R14x=T14½ � sin að Þ; ð3Þ

Figure 3a. The locations of the 119 SN and 29 north-to-
south (NS) TCRs are marked with black circles and red
triangles, respectively. These events were identified in
identified in the 2001 and 2002 Cluster FGM observations.
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with components

Vx ¼ Vn sin að Þ for a > 0 ð4Þ

Vx ¼ �Vn sin að Þ for a < 0 ð5Þ

and

Vy ¼ Vn cos að Þ: ð6Þ

[14] Figures 4a presents an example of the triangulariza-
tion analysis to determine TCR propagation velocity in the
GSM X-Y plane. The Cluster magnetic field measurements

Figure 3b. Superposed epoch analysis of the 119 SN TCRs over a window of ±120 s with the zero
epoch corresponding to the center of the magnetic perturbation at s/c 1. Vertical dashed lines indicate the
zero epoch corresponding to the peak compression at s/c 1 and the ±18 s duration of the event. Note that
TCR perturbation is first seen at the most tailward spacecraft, s/c 4 (red), and then a few seconds later at
the most earthward, s/c 1 (black), consistent with sunward propagation.
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across a SN TCR observed at 1155:56 UT on 10 September
2001 is shown on the left side of the figure. As in the
previous example, the characteristic compression and drap-
ing signatures in Bx and Bz, respectively, are present. The
duration of this TCR is relatively long at 75 s based upon
the extremes in the Bz perturbation and the DB/B is 2%. The
parts to the right show the lag correlations between s/c 1–
4 (top) and s/c 2–4 (bottom). In each case the correlation

coefficients are excellent with peak values in excess of
0.95. The results indicate that this TCR was observed at
s/c 4 before s/c 1 and 2 by 3.2 and 1.4 s, respectively.
The corresponding TCR velocity is Vx = 564 km/s, Vy =
�106 km/s, and the total speed is Vn = 574 km/s.
[15] We determined two-dimensional propagation veloc-

ities for 124 of the 148 TCRs identified in this study. The
reasons for the failure to obtain velocities in 24 cases was

Figure 3c. Superposed epoch analysis of the 29 NS TCRs over a window of ±120 s with the zero epoch
corresponding to the center of the magnetic perturbation at s/c 1. Vertical dashed lines indicate the zero
epoch corresponding to the peak compression at s/c 1 and the ±18 s duration of the event. Note that TCR
perturbation is first seen at the most earthward spacecraft, s/c 1 (black), and then a few seconds later at the
most tailward, s/c 4 (red), consistent with anti-sunward propagation.
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either that (1) one or more of s/c 1, 2, or 4 passed into the
plasma sheet and failed to observe the TCR, (2) the cross-
correlation analyses produced poor results in the sense that
the peak correlation coefficient was <0.7, or (3) the TCR
total velocity exceeded 2000 km/s. For TCR speeds above
2000 km/s the uncertainties in the time lags from one s/c to
the next begin to produce large errors in the propagation
velocity.
[16] Figure 4b displays histograms of Vx, Vy, Vn and

the direction of propagation relative to the X axis,
arctan(Vy/jVxj), for the SN and NS TCRs. As shown in
the top part, the Vx polarities were all consistent with the
expectations based upon the sense of the Bz signature; i.e.,
SN and NS TCRs move earthward and tailward, respec-
tively. The Vy speeds were centered near zero with standard
deviations (SD) of �500 km/s. The direction of TCR
propagation for the TCRs was centered very near the X
axis with standard deviations of just under 30 degrees.
Accordingly, the ratio of Vx to Vy is usually greater than 2
to 1. Finally, the mean propagation speeds, Vn, for the SN
and NS TCRs were very similar at 849 and 821 km/s,
respectively. These speeds are also typical of earthward
bursty bulk flows (BBFs) [Nagai et al., 2000, 1998] and

tailward flow associated with plasmoids in the more distant
tail [Ieda et al., 2001].
[17] Using the individual TCR speeds and durations, we

have also computed a width, L, for each of the events, the
product of the duration and the total speed, Vn. As shown in
Figure 5a the mean values, m, for TCR duration, propaga-
tion speed, and width of 35 s, 843 km/s, and 4.3 RE are
determined. Figure 5b displays a histogram of TCR width,
compression ratio, DB/B, Vn, and numbers of TCR events as
a function of the GSM Y location of s/c 1. The distribution
of TCRs is strongly biased toward the duskside of the tail
with 36 events being observed for Y < 0 and 88 for Y > 0. In
addition, the dawnside events appear to be smaller in terms
of L and the TCR speed was greater on the duskside at
�900 as opposed to �700 km/s.

4. TCR Minimum Variance Analysis

[18] Insight into the orientation of TCRs can be gained
from determining the principal axes of the magnetic field
perturbation [Sonnerup and Cahill, 1967]. The B1 axis is
defined to be along the direction of maximum variance for
the magnetic field during the time interval of interest. The

Figure 4a. Example of a SN TCR observed on 10 September 2001. Lag correlations between s/c 1 and
4 and s/c 2 and 4 are shown at the right. Triangularization yields Vx = 564 km/s and Vy = �106 km/s.
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other two axes, B2 and B3, are oriented along the interme-
diate and minimum variance directions, respectively.
Minimum variance analysis has previously been applied
to TCRs in the deep tail by a number of studies [Slavin et
al., 1993, 1984]. In general such analysis is very well
suited to TCRs and it produces well defined eigenvectors
with very good, i.e., large, eigenvalue ratios. The results
from the more distant tail showed that the minimum axis

direction was largely parallel to the Y direction and the
maximum and intermediate directions were near the XZ
plane [see Slavin et al., 1993].
[19] In Figure 6, we show the minimum variance direc-

tions determined for all 124 of the TCRs in our study for
which well-defined Vn propagation speeds could be deter-
mined. Although not shown, the magnetic field variations in
principal axes coordinates displayed the expected simple
half circular rotation in the B1-B2 plane and small B3
component with relatively large eignenvalue ratios, as found
in the deep tail studies [e.g., Slavin et al., 1984, 1993]. The

Figure 4b. Histograms of SN TCR propagation velocity
components Vx, Vy, the angle that velocity makes to the X
axis, arctan(Vy/jVxj), and the total speed, Vn, for the NS
(black) and SN (red) TCRs.

Figure 5a. Histograms of the duration, propagation speed
and thickness for both the SN and NS TCRs.
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top part shows the inclination of the B3 direction relative
to the GSM XY plane. The distribution is strongly peaked
with a mean near the XY plane, i.e., hthetai = �2.5 deg,
indicating that the near-tail usually does not exhibit strong
twisting as can occur at greater distances down the tail.
[20] However, the azimuthal orientation of the minimum

variance direction, phi, measured relative to the +Y axis
showed a very broad distribution between ±70 deg.
Although the mean value was near the +Y direction,
i.e., phi = �3.8 deg, the rather flat distribution indicates
that B3 can lie far from the east-west direction. Finally,
the angle between B3 and Vn was calculated for each

event. Ideally, one would expect that these vectors would
be 90 deg apart with the propagation direction normal to
B3, which is itself perpendicular to the draping pattern.
Indeed, this is the case with 90 deg being the peak bin of
the histogram and a mean value for the B3–Vn angle of

Figure 5b. Mean values of TCR thickness, compression
ratio, propagation speed and number of events as a function
of GSM Y. The error bars provided are standard errors in the
mean for each bin. Note the broad duskside maximum in all
of these quantities.

Figure 6. The inclination angles of the Cluster SN TCR
minimum variance eigenvectors to the GSM XY plane are
displayed in the top part. The azimuth angles for the
minimum variance directions relative to the +Y direction are
shown in the second part. Finally, the angle between the
TCR minimum variance direction and the propagation
velocity is shown in the bottom part.
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102.1 deg. The closeness of this result to the expected
90 deg value demonstrates good consistency with the
propagation direction derived from the Cluster measure-
ments via triangularization.

5. Multiple TCR Events

[21] As in earlier studies of TCRs in the distant tail
[Slavin et al., 1993], we take compression regions that are
separated in time by 15 min or less as being part of the
same ‘‘event.’’ Following this assumption, the top part of

Figure 7 shows that 35 of the 148 total Cluster TCRs
considered here are ‘‘single events’’ wherein the TCRs are
separated by more than 15 min from any other TCRs. The
number of ‘‘two TCR events’’ is 11, encompassing 22 TCRs,
and so on. The largest number of TCRs found to occur
without a break of more than 15 min is 9 and the mean
number of TCRs per event is 2.3. Conversely, the bottom
part of Figure 7 shows a histogram of the time interval
between adjacent TCRs. The mode of the distribution is
�125 s, or about 2 min, but the mean separation is 230 s or
just under 4 min. Accordingly, the temporal separations
between TCRs are usually much longer than the typical
duration, i.e., 35 s, of the individual compression regions.
[22] However, some multiple TCR events were observed

in which the spacing between compression regions was
similar to their durations. The 24 August 2001 interval
shown in Figure 8 provides an example of a five TCR event.
The durations of the individual compression regions is
�0.5 to 1 min, while the separations between the midpoints
of the TCRs vary from �1 to 2.5 min. Interestingly, the
amplitude of the first TCR is the largest and the compres-
sion ratios of the later ones are smaller just as is commonly
observed in the distant tail [Slavin et al., 1993]. The reason
for such a progression is not known. Multiple TCR events
are potentially important because, as will be discussed later,
they resemble the expected products of closed field line
reconnection at multiple neutral lines with a periodic
spacing. The flux ropes and their associated TCRs are then
driven earthward, as in the 24 August 2001 event, or
tailward when one of the X-lines begins to reconnect open
flux tubes and develops into the NENL.

6. Substorm Association

[23] An example of very near-tail TCRs observed during
a well-defined substorm on 17 September 2001 is shown in
Figure 9. The bottom part displays the Kyoto Quick-Look
AL index. Following a slow 30 min decrease, sometimes
attributed to a ‘‘growth phase,’’ there is a rapid onset to the
expansion phase at 0738 UT and a broad negative bay
between 0748 and 0800 UT. The recovery to preonset levels
then takes about 1 hour.
[24] Nine TCRs are marked in Figure 9 with vertical

lines. All of the TCRs exhibit the south-then-north DBz

variation associated with earthward propagation. Their
motion is confirmed using the Cluster triangularization
technique described earlier. The earthward propagation
speeds determined in this manner is shown in the top part
above each of the TCRs. Their speeds, �800 to 1200 km/s,
are comparable to the observed flow speeds measured for
BBFs in the plasma sheet [Nagai et al., 2000; Angelopolous
et al., 1992; Baumjohann et al., 1990].
[25] The focus of this investigation is not the association

of TCRs with substorms, but an initial examination has been
carried out using superposed epoch analysis with the results
displayed in Figure 10. Again, the midpoint of the TCR
perturbation at s/c 1 is taken as the zero epoch and the SN
and NS TCRs are analyzed separately. The analysis is
limited to 2001 because the Kyoto Quick-Look AL is not
yet available for 2002. The SN results mirror what was seen
for 17 September 2001 substorm in the previous figure and
the 19 September 2001 substorm examined by Slavin et al.

Figure 7. The top part displays a histogram of the number
of TCRs per event. Multiple TCR events are defined as
series of compression regions that are separated by less than
15 min. The lower part presents a histogram of the temporal
spacing between TCRs within multiple TCR events.
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Figure 8. Example of a multiple SN TCR event observed on 24 October 2001.

Figure 9. Example of TCRs observed by Cluster during a substorm on 17 September 2001. The
propagation speed of the TCRs, all earthward, are shown at the top.
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[2003b]. To whit, the SN zero epoch corresponds to a broad
negative bay in the AL index that begins �35 min earlier
and is still recovering 60 min later. These results suggest
that SN TCRs occur during all phases of the substorm.
[26] The NS results in the bottom parts are somewhat

different. There is an abrupt onset to the negative bay in AL
about 10 min before the zero epoch and a narrow minimum

30 min after time zero. This result indicates that NS TCRs
are generally seen very early in the substorm expansion
phase and are rare later in substorms. Such a result is not
surprising, as X-line formation is unlikely to take place very
far earthward of the Cluster spacecraft and they are known
to retreat tailward soon after formation [e.g., see Ieda et al.,
2001; Slavin et al., 1993]. Accordingly, plasmoid-type flux

Figure 10. Superposed epoch analysis of the SN and NS TCRs and the Kyoto Quick-Look AL for
2001. Note, the zero epoch is the center point of the TCR signature measured by s/c 1 as in the previous
figures.
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ropes and their associated NS TCRs generated by X-line
formation earthward of Cluster would not have to move
very far or for a very long time before being observed, as
was found by our superposed epoch analysis.

7. Discussion

[27] In this study we have analyzed the traveling com-
pression regions recently discovered in the near-tail in the
Cluster measurements. These TCRs are important because
they imply the presence of small, fast-moving bulges in the
thickness of the plasma sheet that may provide an important
source of information on the dynamics of the Earth’s
magnetotail. Toward this end it is especially important to
determine the cause or causes of these TCR perturbations.
Figure 11 depicts the two mechanisms that have been
proposed for producing FTEs at the dayside magnetopause
and TCRs in the near-tail; flux ropes [Slavin et al., 2003c;
Moldwin and Hughes, 1994; Elphic et al., 1986; Lee and
Fu, 1985] and impulsive reconnection [Sergeev et al., 1992,
1987, submitted manuscript, 2005; Southwood et al., 1988;
Biernat et al., 1987; V. S. Semenov et al., submitted
manuscript, 2005].
[28] As diagrammed in the top part of the figure, small

flux ropes may form due to reconnection at multiple X-lines.
When reconnection takes place at two or more X-lines
simultaneously it is termed ‘‘multiple X-line reconnection’’
or ‘‘MXR’’ reconnection [Lee, 1995; Lee and Fu, 1985].
Initially, reconnection in the plasma sheet involves only
closed plasma sheet flux tubes. The Alfven speed is low
at the center of the cross-tail current sheet so that the
reconnection will proceed slowly and the outflow from
the X-lines will be only �100 km/s. However, as first
noted by Schindler [1974], one of the X-lines will
inevitably outpace the others in a nonlinear manner and
begin to reconnect first flux tubes in the outer plasma
sheet and, finally, lobe flux tubes where the Alfven speed
is typically several thousand km/s [see Hesse et al.,

1996]. At that point, everything earthward of the first
X-line to reconnect lobe flux tubes will be carried toward
the Earth, and all material tailward of that point will be
rapidly swept down the tail. Hence the formation of flux
ropes by MXR reconnection is in a sense only a prelim-
inary event to the open flux reconnection at a single
neutral line in the NENL model of substorms [Baker et
al., 1996]. The existence of MXR reconnection is now
supported by not only by numerical simulations [Ohtani
et al., 2004; Shay et al., 2003], but also by the recent
observation of a multiple X-line event by Geotail [Deng et
al., 2004].
[29] The bottom part of Figure 11 depicts the formation

of TCRs due to ‘‘impulsive reconnection.’’ As first sug-
gested for the magnetopause by Biernat et al. [1987] and
Southwood et al. [1988] and for the tail by Sergeev et al.
[1987], intense ‘‘pulses’’ of reconnection might create
‘‘bulges’’ or ‘‘bubbles’’ in the current sheet about which
the surrounding magnetic flux tubes drape and be com-
pressed. These hot plasma bubbles are naturally ejected as
a result of the fast flow out the X-line and the surrounding
compression regions would accompany them. Sergeev et
al. (submitted manuscript, 2005) and T. Penz et al.
(submitted manuscript, 2005) have applied the impulsive
tail reconnection model of Semenov et al. (submitted
manuscript, 2005) to some of the TCRs observed by
Cluster on 8 September 2002 and found good agreement
between this model and the observations.
[30] Definitive testing of these two hypotheses will

require multipoint measurements that provide simultaneous
observations of the lobe compression region and the fast
moving hot plasma bubble or flux rope in the central
plasma sheet. Separations in the GSM Z direction of
perhaps several times 104 km will be necessary which
are not generally available at this time.
[31] We can, however, compare the predictions of the flux

rope mechanism for near-tail TCR generation using the
results of the Geotail flux rope studies carried out by Slavin

Figure 11. Schematic representations of two TCR generation mechanisms.

A06207 SLAVIN ET AL.: CLUSTER TCRS IN THE NEAR-TAIL

13 of 19

A06207



et al. [2003a] using high time resolution magnetometer
measurements. Toward this end, Figures 12a and 12b
compare the Cluster TCRs measurements studied here and
the Geotail magnetic flux ropes analyzed by Slavin et al.
[2003a]. Superposed epoch analyses of the earthward and
tailward propagating TCR and flux rope magnetic field
signatures taken from this study and Figures 7 and 9 from
Slavin et al. [2003a] have been combined to allow direct
comparison. The Bx and Bz components of the Cluster
magnetic fields are shown for the TCRs in the top two
parts of both figures. The By and Bz components of the flux
rope magnetic fields observed by Geotail are displayed in
the middle two parts. Comparison of the traces shows that
the duration of the near-tail TCRs and flux ropes are
indeed comparable at �30–40 s. The fact that TCR

perturbations are just slightly broader than the flux ropes
is consistent with this lobe field perturbation being due to
the ‘‘draping’’ or ‘‘tenting’’ of the lobe flux tubes about a
bulge in the plasma sheet. Finally, the plasma sheet ion
beta (b = nkTi/B

2/2mo) and flow velocity are shown for the
flux ropes, demonstrating that they are central plasma
sheet, high beta (b � 10) structures associated with
BBF-type flows.
[32] The orientations of the TCR minimum variance

directions and the central axes of the near-tail flux ropes
in the Geotail observations are examined in Figure 12c.
Both the Cluster TCR minimum variance directions and
the Geotail flux rope central axes tend to parallel the GSM
XY plane with mean inclination angles of �2.6 deg and
�3.4 deg, respectively. More remarkable are the wide

Figure 12a. Merged superposed epoch analyses of Cluster SN TCRs and Geotail bursty bulk flow
(BBF)-type flux ropes (from Slavin et al. [2003a]).
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range of azimuthal angles for the TCR minimum variance
and flux rope central axes in the bottom two parts. While
consistent with each other, the frequent, sometimes large,
deviations of the central axes of the flux ropes, and their
associated TCRs from the east-west direction are quite
notable.
[33] Hughes and Sibeck [1987] speculated that asymme-

tries between the two ends of the flux rope magnetic fields
in their connectivity to the geomagnetic field, or the
interplanetary magnetic field in the magnetosheath, would
result in unequal torques on the flux rope and skew it away
from the east-west direction. However, the orientation of the
flux ropes should also be influenced by the high-speed
plasma sheet flows in which they are embedded. The wide
range of orientations in the near-tail may then be due also to

the limited east-west width of the BBF flows tending to
shear and rotate the embedded flux ropes. In fact, new
simulations by Winglee [2004] that include the effects of
heavy ions on plasma sheet dynamics produce flux ropes
that are highly skewed away from the east-west direction as
a result of shear in the large-scale flow field due to differ-
ences in the rate of reconnection between the dawnside and
duskside of the tail.
[34] Other significant results of our study concerns the

asymmetries in TCR occurrence frequency and properties
as function of east-west position in the tail and their
substorm association. As shown in Figure 5b, TCRs are
most likely to be observed on the duskside of the tail at
YGSM � 4 to 8 RE. Although less striking, the TCRs
observed on the duskside of the tail also tend to be

Figure 12b. Merged superposed epoch analyses of Cluster NS TCRs and Geotail Plasmid-type flux
ropes (from Slavin et al. [2003a]).
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moving faster and to be larger in terms of their width. The
Geotail results of Slavin et al. [2003a] are used, again, in
Figure 12d to compare the dawn-dusk asymmetries found
in the Cluster TCR observations with flux ropes in the
near-tail plasma sheet. The tendency for larger widths, L,
on the duskside of the tail is actually stronger in the flux
ropes than in the TCRs, as shown in parts A and B.
Averaged over of all events, the mean TCR width is 4.3
RE, as compared with a mean flux rope diameter of 2.9 RE.
The flux rope speeds, in contrast, exhibit less dawn-dusk
asymmetry than the TCRs (see parts C and D). In addition,
the flux rope speeds are somewhat slower than typical
BBFs and the TCRs.
[35] The reasons for this difference in TCR and flux rope

speed are unclear. It may be an artifact of the flux rope
selection criteria used by Slavin et al. [2003a]. The purpose
was to select and analyze flux ropes that were quasi-force
free, i.e., they were required to have strong core fields.
Since it probably takes time for flux ropes to evolve toward
this lower energy state, it may be that the Slavin et al.
[2003a] flux ropes tended to be associated with intervals of
slower than typical BBF flows. However, the reason for the
speed differences between the flux rope and TCR observa-
tions could also be due to changes in the upstream solar
wind between the 1998–1999 epoch of the Geotail flux
rope observations [Slavin et al., 2003a] and the 2001–
2002 Cluster TCR measurements used in this study. Still,
it is remarkable that the asymmetries in the frequency of
occurrence for TCRs and flux ropes in the bottom parts are
so striking. A total of 16 and 28 flux ropes are observed
for Y < 0 and Y > 0, respectively, as compared with
36 versus 88 TCR events.
[36] Studies of fast flows [Nagai et al., 1998] and X-line

occurrence [Ueno et al., 1999] show dawn-dusk asymme-
tries similar to those of the Cluster TCRs, i.e., more
frequent, intense events on the duskside of the plasma sheet
as compared with the dawnside of the magnetotail. Theo-
retical studies of reconnection have shown that dawn-dusk
asymmetries are expected even for uniform current sheets
due to the differences in ion and electron motion on the
kinetic level [Karimbadi et al., 2004]. If, and how, such
microscale effects manifest at the mesoscale and macroscale
in flux ropes or high-speed flows is not known. Unfortu-
nately, the uniformity of current sheet structure across the
tail cannot be well determined using single spacecraft
observations. Hence it remains to be learned whether the
east-west asymmetries in tail dynamics are due to asymme-
tries in the initial conditions or the reconnection process
itself.
[37] The Cluster TCRs are a factor of �5 less frequent

than for near-tail flux ropes in the Geotail data [Slavin et al.,

Figure 12c. The top part graphs the inclination angles of
the Cluster TCR minimum variance eigenvectors. The
second part plots the inclination angle for the central axes of
the Geotail flux ropes modeled by Slavin et al. [2003a]. The
azimuth angles for the TCR minimum variance eigenvectors
and the flux rope central axes relative to the +Y direction are
shown in the third and fourth parts, respectively. Finally, a
histogram of the angles between the TCR minimum
variance directions and the propagation velocities is shown
in the bottom part.
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2003a]. However, it is also possible that this difference in
frequency of occurrence between the TCRs and flux ropes is
primarily due to the low apogee of the Cluster orbit, 20 RE,
as compared with the 30 RE apogee of Geotail or differences
in event selection criteria and sensitivity. Of the flux ropes
observed by Geotail a little more than half were moving
tailward and would not be expected to be observed closer to
the Earth. Comparing the frequency of occurrence of
earthward propagating TCRs to earthward moving flux
ropes reduces the discrepancy to a factor of �2.5. In
addition, the strength of the lobe field increases as distance
from the Earth decreases. The efficiency with which TCRs

can be identified is expected to decrease as the relative
amplitude of the TCRs, DB/B, becomes smaller and the
signal-to-noise ratio for their detection worsens. In contrast,
both TCRs and plasmoid-type flux ropes are readily
observable in the more distant tail, where the background
lobe field is weak, and can often be mapped to substorms
on one-to-one or many-to-one basis [see Huang et al.,
2003; Ieda et al., 2001; Slavin et al., 1992]. The flux ropes
carried earthward by BBF flows may also quickly dissipate
through ‘‘re-reconnection’’ with the increasingly strong
dipolar magnetic fields they encounter as they move
earthward (see discussion in the work of Slavin et al.
[2003a]). Accordingly, the uncertainties surrounding the
temporal evolution and frequencies of occurrence for near-
tail flux ropes and TCRs are such that the flux rope model
can explain a major fraction of the TCRs in the Cluster
observations, but it is not possible to determine with any
certainty the magnitude of the remaining fraction that may
be due to impulsive reconnection.
[38] Concerning where the NENL forms, our results

indicate that the ratio of earthward to tailward TCRs
observed by Cluster at X � �18 RE (see distribution of
events, Figure 5a) is about 4 to 1. This ratio is in close
agreement with the recent Cluster survey of high-speed
flows in the plasma sheet by Nakamura et al. [2004] that
found �22% of the flows were directed tailward. Nagai et
al. [2000, 1998] used the Geotail measurements of fast
plasma sheet flow to determine that the distance at which
the occurrence of earthward and tailward flows become
comparable is about X � �25 RE. Similar results were also
produced by Ueno et al. [1999] who examined the occur-
rence of reversals in Vx and Bz to identify encounters
between Geotail and X-lines retreating tailward. Hence the
available Cluster and Geotail observations appear to agree
that when X-lines form in the tail they will be located at
X > �18 RE only about 20% of the time. Indeed, individual
instances of NENL formation in the X > �18 RE have
been determined but only on a small number of occasions
[e.g., Slavin et al., 2002; McPherron and Manka, 1985].
[39] Detailed substorm analyses are beyond the scope of

this study. However, the examples shown in Figures 2 and 9
and the superposed epoch analyses in Figure 10 leave little
doubt that TCRs have a strong tendency to occur during
substorms, especially during expansion phase. These results
mirror the findings of previous studies of fast BBF flows in
the plasma sheet. Although one-to-one mappings of indi-
vidual high-speed flow events to specific substorms or
auroral expansions are not always possible, case studies
[e.g., Huang et al., 2003; Slavin et al., 2002; Ieda et al.,
1998; McPherron and Manka, 1985] and statistical analyses
[e.g., Nagai et al., 2000] show compelling associations that
support close causal connections.
[40] Our results also provide clues as to the conditions

that lead to NENL formation in the very near-tail, i.e., X >
�18 RE. The superposed epoch analyses in Figures 3b and
3c show that the very near-tail NENL formation necessary
to produce NS TCRs occurs when the lobes are heavily
loaded with excess magnetic flux. Specifically, our SN
TCRs were observed when the mean lobe is �27 nT while
the NS events occurred during a mean lobe field of �32 nT.
MHD stress equilibrium considerations argue strongly that
these large lobe magnetic field intensities lead to thinning of

Figure 12d. Dawn-dusk asymmetries in Cluster TCR and
Geotail flux rope length scales, L (parts A and C), TCR
compression ratio (part B), speed (parts D and E) and
frequencies of occurrence (parts F and G) are displayed.
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the cross-tail current layer and the shifting of its location
toward the Earth (e.g., M. M. Kuznetsova et al., submitted
manuscript, 2005). Under such conditions it would be
expected that reconnection would tend to occur closer to
the Earth as our Cluster TCRs results indicate.

8. Summary

[41] In this study we have investigated the frequency of
occurrence, physical properties, propagation characteristics,
and substorm association of the traveling compression
regions recently discovered in the Cluster observations.
Our analyses have determined that the mean TCR duration
in the near-tail is �35 s, the average width is �4 RE, and
their mean speed is 840 km/s. The TCR minimum variance
directions were oriented largely in the GSM XY plane, but
they displayed a wide range of orientations within that
plane. The �4 to 1 ratio of earthward to tailward propa-
gating TCRs indicates that the NENL forms earthward of
the Cluster spacecraft at X � �18 RE, only about 20% of
the time. Furthermore, a strong dawn-dusk asymmetry is
observed, with more than twice as many TCRs being
observed for Y > 0 as compared with Y < 0. The TCRs
and flux ropes observed on the duskside of the tail are also
larger and have higher propagation speeds. In addition,
superposed epoch analysis using the Kyoto Quick-look AL
index shows that the Cluster TCRs are substorm associated
and tend to be observed during the expansion phase as is
the case for most reconnection phenomena measured in the
tail. Some examples of multiple TCR events were found to
exhibit temporal separations on the order of the duration of
the individual compression regions as expected for MXR
reconnection events. However, the most probable separa-
tion observed during multi-TCR events was significantly
larger at �100–150 s. On the basis of the strong similar-
ities between these TCR properties and those determined
previously for magnetic flux ropes in the Geotail near-tail
observations, we conclude that a large fraction of the
TCRs in the Cluster observations are probably due to
the rapid motion of small flux ropes in the plasma sheet.
Impulsive reconnection may also play a significant role in
the generation of compression regions, however, additional
multipoint measurements and analysis will be necessary
before its contribution is known.
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